• A tray was designed to overcome the drawback of low operating flexibility of flowguided sieve tray • Hydrodynamic and mass transfer performance of the tray was tested • It has higher efficiency and operating flexibility, lower pressure drop than flow-guided sieve tray • Its applications to separate the mixture of high viscosity proved the tray's excellent performance
high viscosity, solid, or self-polymerization components. Mahiout and Vogelpohl [4] [5] [6] have studied the impact of viscosity on the performance of sieve tray in air-glycerol-water and cyclohexanol-air-glycerol-water systems. The results indicated that the increase in viscosity deteriorated the mass transfer performance of the tray. Böcker and Ronge [7] have investigated the qualitative dependence between the viscosity and the separation performance of a distillation column, and they came to the same conclusion as Mahiout and Vogelpohl. The distillation of highly viscous mixtures is still a difficult-to-solve problem, and there is little theoretical knowledge and few practical applications about this field.
Experiments and applications have proven that the flow-guided sieve tray (FGST) has been successfully employed to separate the mixtures containing viscous components, suspended solids, or self-polymerization polymers [8] [9] [10] [11] . For example, the distillation of removing vinyl acetate from a polyvinyl acetate polymer solution with a dynamic viscosity of more than 50 Pa·s, caused the previous column with sieve trays to be blocked or flooded 1-2 times every month. In the revamp, the problem was solved by replacing the sieve trays with FGST [11] . Although FGST has such particular advantages, it exposes the drawback of low operating flexibility, which limits its applications, because low operating flexibility will restrict the gas and liquid load [12] . Flow-guided sieve-valve tray (FGS-VT) was designed to develop the advantages and overcome the shortcomings of FGST.
In this paper, a unique structure of FGS-VT was designed. Also, the hydrodynamics and mass transfer performance of two types of FGS-VTs, as well as their comparison to FGST, were studied under different operating conditions. Additionally, two typical applications of FGS-VT to separate the mixture containing high viscosity, solid, powder, self-polymerization or easy-to-foam components were presented. The hope is that this work can provide the basic information of FGS-VT, and extend its applications in distillation.
EXPERIMENTAL

Structure of FGS-VT
The flow-guided sieve-valve tray was designed to develop the advantages and overcome the shortcomings of FGST. The actual photos of FGS-VT with 8 and 14 valves are shown in Figure 1a and b, featuring sieve pores, flow-guided pores and valves on the tray. Additionally, on the lip of each valve, five sieve pores and one flow-guided pore are installed. This structure can adapt to different operating conditions, i.e., the tray works similar to FGST at the low gas flow rate when the valves are closed. With the increasing of the gas velocity, the valves open gradually, and the opening area increases little by little to fit the varying operating conditions. Also, different numbers, sizes and arrangement of valves can be chosen based on the properties and throughput of the In this paper, trays with 8 and 14  trapezoid float valves (FGS-VT-8 and FGS-VT-14) were studied. The dimensions and geometry of the trays are shown in Table 1 . In order to compare the performance, the two types of FGS-VTs were manufactured with similar structure parameter to FGST [8, 11] Experimental procedure A schematic representation of the experimental setup is depicted in Figure 1c . The hydrodynamics and mass transfer performance of the trays were tested in a cold model containing a 0.6 m diameter column installed with two tested trays. At the top and the bottom of the column, a foam-captured board and a gas distribution board were installed, respectively, so as to make sure the even distribution of gas and liquid. Air was introduced from an air blower into the bottom of the column, and oxygen-rich water from the oxygen saturation setup was pumped into the top of the column. This procedure brought gas and liquid into contact on the trays, and the dissolved oxygen in water was stripped by air. The exit gas, containing high oxygen content, finally left the column at the top; the stripped liquid was discharged into the storage tank from the bottom of the column. During the experiment, the air-water system was employed to test the hydrodynamics, while the air-water-oxygen system was utilized to test the mass transfer performance.
The superficial gas velocity, u 0 , ranging from 0.53 to 2.34 m/s, was controlled by an orifice meter connected with a U-type differential manometer which has an uncertainty of 5 Pa; meanwhile, the liquid loads per weir length Lw, ranging from 0.0015 to 0.0068 m 3 /(m s), was measured by a rotameter with an uncertainty of 0.05 m 3 /h (1.39×10 -5 m 3 /s). A U-type differential manometer was selected to measure the pressure drop of the gas across the tray:
where P b and P t are the pressures of bottom and top sides of the column, respectively. The liquid weeping was measured based on per unit of the liquid flow rate, while the gas entrainment was based on per unit of the gas flow rate on the tray, and the flow rates of both weeping and entrainment were determined by measuring the liquid volume change in the vessels with scale (see Figure 1c ) in a certain period of time.
The tray efficiency E ML is calculated by Eq. (2):
where X i and X o are the oxygen concentrations in the liquid phase at the inlet and outlet, and both of them were determined by an oxygen gauge (YSI 550A Dissolved Oxygen Instrument, America) with an uncertainty of 0.01 g/m 3 . X o * is the oxygen concentration in the liquid phase in equilibrium with the gas leaving the tray.
RESULTS AND DISCUSSION
Dry-plate pressure drop Dry-plate pressure drop is the pressure drop when gas flows through the tray in absence of liquid. It is mainly affected by the structure of the tray, and is an important part of the total wet-plate pressure drop of a tray [13, 14] . The comparison of dry-plate pressure drop among FGS-VT-8, FGS-VT-14 and FGST is shown in Figure 2 . It can be learned that the dry-plate pressure drop of FGS-VT-8 is lower than that of FGS-VT-14, but both of them are higher than that of FGST. Because the dry-plate pressure drops of the two tested FGS-VTs were very small (<180 Pa), there was no sufficient acting force to lift all the valves on the trays under the experiment conditions. Additionally, the appearance of the valves slightly reduced the opening areas of the tray before the valves were open, compared to FGST. All of these resulted in higher dry-plate pressure drops of FGS-VT-14 and FGS-VT-8 compared to FGST.
Wet-plate pressure drop
Wet-plate pressure drop is one of the most important hydrodynamic parameters of a tray. High wet-plate pressure drop not only increases the energy consumption, but also constrains the production capaity of the distillation system [15] . Figure 3 shows the relationship between the wet--plate pressure drop ΔP wet and empty column flow factor F 0 for the three trays. Compared to FGS-VT-14, the wet plate pressure drop of FGS-VT-8 is much higher when F 0 is more than 1.2 (m s ), the wet-plate pressure drop of FGS-VT-14 is higher than that of FGST, because the appearance of the valves slightly reduced its opening area before the valves 
Weeping
Weeping often happens in lower gas velocity with higher liquid weir loading. In this case, the liquid will fall to the following tray without sufficient time to exchange mass and energy with gas, because there was not enough gas kinetic energy to support it. High weeping not only reduces the tray efficiency, but also restricts the lower operating limit [16] .
In Figure 4 , the weeping for the three trays is plotted versus the empty column flow factor F 0 . It indicates that both FGS-VT-8 and FGST weep more easily than FGS-VT-14. Therefore, the conclusions can be drawn that the FGS-VT-14 has the lowest lower operating limit among the three tested trays.
Entrainment
Entrainment, restricting the tray's upper operating limit, usually happens at higher gas velocity with lower liquid weir loading. During this process, liquid will be carried to the above plate before enough mass and energy transfer with gas. Excessive entrainment will reduce the tray efficiency [17, 18] . What is worse, serious entrainment will cause flooding and system stoppage. To gain a sufficiently high efficiency of mass transfer, it is necessary to control the entrainment within 0.1 kg liquid/kg vapor (10%) [8, 11] . From the results above (weeping and entrainment), it can be concluded that the operating flexibility of FGS-VT-14 increased by 10-20% over that of FGST in the whole range of gas and liquid flow rate.
Tray efficiency
Tray efficiency, the most important performance parameter, directly reflects the extent of mass exchange between gas and liquid. High tray efficiency can bring huge economic benefits by reducing the energy consumption or improving the purity of product, so as to reduce the fixed investment or operation cost (reduce the height of the columns) in newly designed or revamped projects [19] . lower boiling point, such as Ald and acetylene, from the intermediate product. VAC is easy to self-polymerize, generating polyvinyl acetate (PVAC) with high viscosity. What is worse, the existing of powdered activated carbon enhanced the strength of the polymer, and made the column easier to be blocked by the sticky polymer. Before the revamp, the 1.8 m diameter column installed with 52 bubble-cap trays was jammed or flooded every 6-8 months. Moreover, the stubborn polymer was very difficult to clean, and it took too much time and labor to restart the distillation. In addition, the intermediate product contained an excess of Ald even under normal operating condi tions, due to the low efficiency of the bubble-cap tray. In the revamp, the bubble-cap trays were replaced by 52 FGS-VTs, but the shell and foundation of the column were unchanged. After the revamp, the system has been kept under the normal operating conditions since it was restarted two years ago. The results before and after the revamp are shown in Table 2 . It can be seen that after the revamp, the productivity was increased (from 8.3 to 12.5 m 3 /s), the composition of Ald in the kettle was decreased (from about 0.7 to 0.1 wt.%), the yield of VAC was improved (from 54 to 77 wt.%), and the reflex ratio was reduced (from 2 to 1.8).
Another example was to separate the mixture containing high viscous granule and easy-to-foam component. The mixture is composed of 68 wt.% methanol (MeOH), 28 wt.% methyl acetate (MeOAC), 1 wt.% sodium acetate (NaOAC, easy to foam), 0.5 wt.% polyvinyl alcohol (PVA, granule with high viscosity), 1.5 wt.% polyvinyl acetate (PVAC, granule with high viscosity), and 1 wt.% H 2 O. The previous 1.8 m diameter column containing 36 sieve trays, was designed to remove the other components from MeOH and MeOAC. Before the revamp, the space between the adjacent trays was filled with froth, without clear gas-liquid interface, seen from the view mirrors. Therefore, there was serious entrainment in the column. In addition, the liquid phase flowed on the trays slowly, and the column was flooded frequently, because of the viscous material. In the revamp, all of the sieve trays were replaced by 36 FGS-VTs, keeping the original shell and foundation. After the revamp, the liquid flowed with similar speed on the trays. The previous unusual phenomena such as heavy entrainment and flooding can no longer be seen. Meanwhile, the recovery ratio of the MeOH increased though the reflux ratio reduced (from 0.7 to 0.5). The results of the revamp are presented in Table 3 .
CONCLUSION
A flow-guided sieve-valve tray was designed to overcome the shortcoming of low operating flexibility of FGST. The hydrodynamic and mass transfer performance, as well as the relevant applications of FGS-VT to separate viscous mixtures was presented. The results indicate that the comprehensive performance of FGS-VT-14 is better than that of FGS-VT-8, and it has several advantages over FGST: its wetplate pressure drop decreases by 8-9% after all the valves were fully open, tray efficiency improves by 7-8%, and operating flexibility increases by 10-20%. The results of both experiments and industrial applications prove that the FGS-VT could be successfully utilized for distillation of highly viscous mixtures. Therefore, it is a better choice for new or reconstructive projects. Dizajnirana je kolona sa sitastim ventilskin podovima i usmerenim tokovima (KSVP-UT) visoke efikasnosti, da bi se prevazišla ograničenja u pogledu operativne fleksibilnosti kolone sa sitasim podovima. Prikazane su njene dimenzije i geometrija, kao i strukturne karakteristike. Hidrodinamika i karakteristike prenosa mase, uključujući pad pritiska suvih i okvašenih podova, zadržavanje tečnosti i efikasnost podova dva tipa KSVP-UT (sa 14 i 8 ventila) i jedne kolone sa sitastim podovima i usmerenim tokovima testirani su u sistemu vazduh-voda-kiseonik u pleksiglas koloni prečnika 0,6 m. Rezultati su pokazali da KSVP--UT sa 14 ventila radi bolje nego ona sa 8 ventila, a u poređenju sa kolonom sa sitastim podovima i usmerenim tokovima, ima veću efikasnost podova, veću operativnu fleksibilnost i manji pad pritiska okvašenih podova (kada su svi ventili potpuno otvoreni). Takođe, dve tipične primene pri razdvajanju viskoznih smeša komponenata, čvrstih, prahova i koji lako pene ili lako polimerizuju su pokazale značajne prednosti KSVP-UT.
Ključne reči: kolona sa sitastim ventilskim podovima usmerenih tokova, hidrodinamika, karakteristike prenosa mase, operativna fleksibilnost, viskozna smeša.
